Background Limb salvage surgery (LSS) with endoprosthetic replacement is the most common method of reconstruction following bone tumor resection in the adult population. The risk of a postoperative infection developing is high when compared with conventional arthroplasty and there are no appropriate guidelines for antibiotic prophylaxis.
Introduction
Limb salvage surgery (LSS) by means of tumor resection and reconstruction has become the standard of care in the treatment of long-bone sarcomas, resulting in limb salvage rates greater than 90% [32] . Endoprostheses provide several advantages over other reconstructive methods. They are readily available, can be appropriately sized to the patient, and are durable and immediately reliable, allowing patients to rapidly regain full weightbearing function. However, owing to the length and complexity of the surgical procedure, and the immunocompromised nature of patients receiving chemotherapy, the risk of endoprosthetic infection remains high in patients having LSS, regardless of the method of reconstruction [33, 46] .
Deep infection after endoprosthetic limb reconstruction is a devastating complication and its treatment is costly to the patient and the healthcare system [7] . Patients who have a deep infection often require staged revision operations and long-term intravenous antibiotics. Infection can further delay adjuvant therapy. In approximately 20% of cases, deep infection ultimately results in limb salvage failure or amputation [32] . The risk of infection also can vary dramatically with tumor site. The tibia and femur (lower extremities), for example, are at a greater risk of having an infection develop than the humerus (upper extremities) [32] . Given the dire consequences associated with endoprosthetic infections, strategies to reduce infection risk and optimize quality of life are needed.
Prophylactic antibiotics are given routinely preoperatively and postoperatively to minimize the incidence of surgical site infections (SSIs). The standard guidelines for antibiotic prophylaxis in total joint arthroplasty, as outlined by the National Surgical Infection Prevention Program [7] and the American Academy of Orthopaedic Surgeons [4] , state a single preoperative dose of antibiotics should be administered 60 minutes before the procedure and discontinued within 24 hours of the procedure completion. The preoperative dose, administered as close to the incision time as possible, was shown to be the most effective dose in preventing postoperative infections [7, 8] . However, there are currently no such guidelines or recommendations in place for endoprosthetic reconstruction in sarcoma surgery.
We performed a comprehensive and systematic review of the scientific literature to determine (1) the overall risk of deep infection and the bacterial causative organism in long-bone tumor resection operations with endoprosthetic reconstruction; (2) what antibiotic regimens are used following long-bone tumor surgery with endoprosthetic reconstruction; and (3) if is there a correlation between infection rate outcomes and antibiotic duration (short-term and long-term) or sample size.
Search Strategy and Criteria
We conducted a systematic literature search through MEDLINE 1 , EMBASE 1 , and all Evidence Based Medicine (EBM) Reviews databases, including Cochrane Database of Systematic Reviews, ACP Journal Club 1 , Database of Abstracts of Reviews of Effects, Cochrane Central Register of Controlled Trials, Cochrane Methodology Register, Health Technology Assessment, and National Health Service (NHS) Economic Evaluation Database. The proceedings for past American Society for Clinical Oncology (ASCO) Annual Meetings also were searched for any abstracts containing the words sarcoma and endoprosthetic in the abstract body. The MEDLINE 1 and EMBASE 1 database searches were performed by combining exploded Medical Search Headings (MeSH 1 terms) and free text words using Boolean operators ''OR'' and ''AND'' as follows: (''prosthesis infection'' OR ''prosthesis related infections'') AND (''bone neoplasms'' OR ''bone tumor'') AND (''anti-infective agents'' OR ''antiinfective agents'' OR ''bacterial infections and mycoses'' OR ''infection'') AND (''prosthesis and implants'' OR ''prosthesis implantation'' OR ''prosthesis failure'' OR ''prosthesis and orthoses'') OR (''infection*.ti,ab'' OR ''antibiotic*.ti,ab'' OR ''anti-infectiv*.ti,ab'' OR ''antiinfectiv*.ti,ab'') OR (''septic.ti,ab'' OR ''sepsis.ti,ab'') AND (''prosthes*.ti,ab'' OR ''prosthetic*.ti,ab'' OR ''endoprosthe*.ti,ab'' OR ''endoprosthetic*.ti,ab'') AND ((''bone*.ti,ab'' OR ''osseous.ti,ab'' OR ''cartilage*.ti,ab'') AND (''cancer*.ti,ab'' OR ''neoplasm*.ti,ab'' OR ''tumor*.ti,ab'' OR ''tumour*.ti,ab'')). The EBM Reviews database search was performed in the same manner. The search was limited to articles published in the English language. No restrictions were placed on study types during the initial screening phase. All databases were searched from 1980 up to July 2011, and duplicates were eliminated. Studies with any sample sizes were included to maximize overall sample size. The studies were not assessed for quality as there are no reliable evaluation tools for retrospective case series.
Two independent reviewers (AR, TP) assessed the eligibility of each study. Any discrepancies in evaluation were discussed and reconciled accordingly. Studies that reported infection rates for long-bone resection and endoprosthetic reconstructions of malignant or benign aggressive neoplasms were included. Only studies concerning lowerextremity lesions in skeletally mature patients were considered for further review. Case reports were excluded. Studies where pooled infection rates included lesions from the upper extremities and/or pelvis were excluded. Similarly, studies where pooled infection rates included patients with allograft or allograft-prosthesis composite reconstructions were excluded. Studies that involved solely soft tissue sarcomas also were excluded, as were studies that reported infection rates exclusively in metastatic lesions, recurrent lesions, or lesions that had received prior surgical treatment.
Based on these criteria, a search of the EBM Reviews database yielded no results. The ASCO database search generated 141 results; however, none of these results met our predefined inclusion criteria. The MEDLINE 1 and EMBASE 1 database searches initially generated 3898 titles ( Fig. 1) . Overall, 3245 studies were excluded on the basis of their titles, leaving 653 abstracts for review. These abstracts then were screened for applicability to our clinical question, after which 420 additional studies were excluded. Full-text articles then were retrieved and reviewed, in full, for the remaining 233 studies. Of these, 185 papers were further excluded for one, or a combination, of the following: inability to extract relevant data owing to the inclusion of a large number of ineligible soft tissue sarcomas, metastatic lesions, or recurrent lesions in the overall reported infection rates; inclusion of reconstructive methods other than an endoprosthesis pooled in the calculation of infection rates; and failure to report infection outcome based on tumor site (ie, upper extremities versus lower extremities versus pelvis) or pooled calculation of infection rates based on all reported sites. After these exclusions, a total of 48 studies were left for review [1-3, 5, 6, 10-13, 16, 17, 19-21, 23, 24, 28-31, 33-40, 42, 44-52, 54-63] . Publication dates of the included studies ranged from 1990 to 2011 and sample sizes varied from five to 1036.
We tested the heterogeneity among the studies using the Cochran Q test with a p value set at 0.1 for significance. The I 2 statistic is reported, representing the percentage of total variation across studies owing to heterogeneity. We used a random-effects model (DerSimonian-Laird) that accounted for between-study heterogeneity owing to the inherent heterogeneity of case series to calculate the pooled weighted proportion. The pooled weighted proportion of infection, with 95% CI for single-group studies, is reported. We compared weighted proportions using normal approximation to binomial distribution when comparing shortversus long-duration antibiotic regimens, where reported.
The Pearson correlation coefficient was used to determine the linear correlation between infection proportions and sample size of the included studies. We used StatsDirect 2.7 (StatsDirect Ltd, Cheshire, UK) for data analysis.
Results
All 48 studies included in our analysis were retrospective chart reviews that reported on infection after the excision of lower-extremity tumors (femur, tibia, and fibula) with endoprosthetic reconstruction (Table 1) . A total of 4838 patients were included across all 48 studies. Three studies were retrospective comparative studies, while the remaining 45 were either retrospective noncomparative observational studies or retrospective case series. Based on these data, all 48 studies are considered Level IV evidence. The most common tumor diagnoses among these studies were osteosarcoma, Ewing's sarcoma, chondrosarcoma, malignant fibrous histiocytoma, fibrosarcoma, and giant cell tumor of bone.
Infection rate outcomes across all studies ranged from 0% [1, 39, 55] to 25% [28] (Table 1) . Overall, the pooled weighted infection rate was 10% (95% CI, 8%-11%) ( Fig. 2) . When the infection rates reported among the 48 studies were further assessed for publication bias using a funnel plot, no publication bias was uncovered, as the associated funnel plot appeared symmetric (Fig. 3 ). The Cochran Q and I 2 statistics suggest significant heterogeneity in infection rates across all studies (p\0.001). The I 2 statistic, representing the percentage of total variation across studies owing to heterogeneity, was found to be moderate at 54.2% (95% CI, 33.3%-66.4%). Thirteen studies further specified the organism associated with infection [20, 21, 23, 24, 30, 31, 33, 37, 40, 44, 52, 55, 57] . The most common causative organisms were Staphylococcus aureus and coagulase-negative staphylococci, such as S. epidermis, all of which are Gram-positive.
Of the 48 studies, 21 reported information on the antibiotic regimens administered during the course of the study [1, 2, 6, 11, 13, 17, 20, 23, 24, 30, 33, 40, 44-47, 51, 52, 55, 56, 58] (Table 2 ). There is considerable variation in the antibiotic regimens reported by these studies. Only seven studies specified the dose (ie, 1 g) and/or the type of prophylactic antibiotics administered (ie, first-, second-, or third-generation Gram-positive cephalosporin) [1, 2, 13, 17, 24, 33, 40] . Two studies specified giving additional coverage against Gram-negative bacteria as well [17, 24] . Twenty-seven of the 48 studies provided no details regarding the antibiotic prophylaxis used.
Twenty studies reported postoperative antibiotic regimens. These studies were further subdivided into shortterm regimens (0 to 24 hours of postoperative antibiotics) and long-term regimens (greater than 24 hours of postoperative antibiotics) and compared. The pooled infection rate following short-term postoperative antibiotic prophylaxis was 13% (95% CI, 9% to 17%; p \ 0.001) ( Fig. 4) , which is slightly higher than the overall pooled infection rate. The pooled infection rate for the long-term postoperative antibiotic prophylaxis was 8% (95% CI, 6% to 12%; p \ 0.05) ( Fig. 5 ), which is slightly lower than the overall pooled infection rate. This difference in the pooled infection rates following short-term and long-term postoperative antibiotics was statistically significant (p\0.05).
No further correlation (correlation coefficient, À0.05; p [ 0.05) was found between sample size and infection rate among the 48 included studies (Fig. 6 ).
Discussion
LSS with endoprosthetic replacement is the most common method of reconstruction in adults with sarcoma. However, the risk of having postoperative infections develop is relatively high in this immunocompromised patient population when compared to the risk with conventional arthroplasty. Currently, no guidelines exist for antibiotic prophylaxis in tumor surgery. We assessed the overall risk of deep infection after primary lower-extremity long-bone tumor surgery with endoprosthetic reconstruction, reviewed prophylactic antibiotic regimens used, and assessed if short-term or long-term antibiotics are better at reducing overall infection risk.
Within the studies included in our systematic review, there may be several factors that can influence infection outcomes. The most striking factor is the inconsistency in antibiotic prophylaxis used in each study. These observations are in line with the results of a previous survey which revealed similar inconsistencies in practice among orthopaedic oncologists [25] . Another important fact to consider when examining infection rates is that the majority of studies included in this systematic review are retrospective studies, with some included cases dating to the late 1960s and early 1970s [12, 35, 46, 52, 59, 63] . Moreover, it is likely that there exists a certain degree of patient overlap among studies produced by the same group of authors; however it is not possible to determine the exact amount of overlap based on the information provided. It also is unknown whether the definition of infection remained constant during the course of these studies. For example, definitions may have varied from erythema at the incision site to sepsis from an infected endoprosthetic device. In addition, not all studies included in this systematic review defined infection in the same way. In 1992, the CDC defined deep SSI as infection occurring within 1 year of the operative procedure, if an implant is in place [27] . According to the CDC, infection must be related to the surgical procedure and must include the skin incision, fascia, or muscle layers opened or manipulated during surgery [27] . The patient also must have purulent drainage, an organism-positive fluid or tissue culture, an abscess, or any other evidence of infection on direct examination or by histopathologic or radiographic measures [27] . Only two studies defined infection according to the CDC; however, neither study limited infection to 1 year after surgery [24, 44] . For the remainder of the studies, efforts were made to separate deep infection from superficial infection, where distinctions were made. Finally, none of the included studies reported on white-blood cell count, absolute neutrophil count, nutritional parameters, or the use of growth factors. Therefore the importance of these factors could not be determined. However, there is a multicenter prospective randomized study underway that may answer these questions as such important data points will be prospectively included [15] .
In our systematic review, infection rates varied from 0% to 25%, with an overall infection risk of approximately 10% in this patient population. This rate is high compared with those of conventional knee and hip arthroplasties, which are reported to be between 0.5% and 2% [32, 40] . The high infection rate among orthopaedic oncology patients is not surprising, however, and can be attributed to numerous factors. For instance, orthopaedic oncology patients generally are immunocompromised as a result of preoperative chemotherapy. In addition, these patients undergo long and complex surgical procedures, are left with a large dead space after removal of bone and surrounding tissue, and have large wounds that often lack adequate soft tissue coverage. All of these factors contribute to an increased risk of having endoprosthetic infections develop after surgery. Therefore, not only do our findings support that orthopaedic oncology patients and patients having conventional arthroplasty are diverse populations with likely diverse prophylaxis needs, but they also support the increasing need to limit infections and establish guidelines for antibiotic prophylaxis in tumor surgery. Significant advances aimed at improving SSI rates have been made during the last few decades. These improvements include different prostheses (eg, silvercoated versus uncoated titanium) [18, 24] ; enhanced soft tissue reconstruction techniques (eg, use of a gastrocnemius flap, a free tissue transfer, and/or antibiotic cement) [17, 20, 33, 47, 57] ; use of laminar air flow and aspiration suits during surgery to minimize the number of airborne bacteria [14] ; and, possibly, shorter surgical times at each site [26] . Without the ability to control for these variables, it is difficult to draw precise conclusions about current infection rates. As a result, our quoted SSI rate of 10% reflects the rate over two decades and, therefore, may not precisely reflect the current rate of infection, which is unknown. A multicenter prospective randomized study is underway to answer this question [15] . We found that antibiotic regimens reported in the studies varied substantially from center to center. Although most surgeons provide Gram-positive coverage, others also provide Gram-negative coverage. In addition, the length of administration of postoperative antibiotics varied from none to several days. These results are consistent with those of a recent survey of orthopaedic oncologists, which revealed there is no consensus on antibiotic prophylaxis in tumor surgery among experts in the field [25] . Moreover, the survey revealed that the current state of practice varies widely, particularly with respect to the duration of antibiotic administration [25] . Specifically, that survey found 46% of surgeons prescribe multiple days of antibiotics after tumor resection with endoprosthetic reconstruction, whereas 36% prescribe only 24 hours of postoperative antibiotics [25] . The survey also revealed, while antibiotics with Gram-positive coverage are routinely prescribed, 11% of surgeons surveyed prescribe additional coverage against Gram-negative bacteria [25] . Antibiotic overuse is associated with risks [22, 41, 53] ; thus, it is imperative to develop evidence-based practice guidelines for antibiotic prophylaxis in tumor surgery. Fig. 4 A forest plot of deep infection rates using a random-effects model is shown. The pooled weighted infection rate is 13% (95% CI, 9%-17%) following 0 to 24 hours of postoperative antibiotics.
Fig. 5
A forest plot of deep infection rates using a random-effects model is shown. The pooled weighted infection rate is 8% (95% CI, 6%-12%) following greater than 24 hours of postoperative antibiotics.
Of the studies that do report antibiotic regimes, all provided preoperative treatment, while postoperative treatment ranged from none to 24 hours to 7 days or until surgical drains were removed. Studies comparing singledose prophylaxis and multiple-dose prophylaxis, in a general surgery setting, have not shown any benefit to having the added doses [43] . Interestingly, our results support the use of long-term (greater than 24 hours) postoperative antibiotics in patients undergoing primary tumor surgery with endoprosthetic reconstruction. We also found that no correlation exists between infection rate outcomes and sample size. In conventional arthroplasty, infection outcomes generally are lower in higher volume centers [9] , whereas our results show that in tumor surgery, volume has little effect on infection outcomes. However, these data must be interpreted with caution given the retrospective nature of these studies. Accordingly, a multicenter randomized controlled trial is currently underway to determine whether long-versus short-term antibiotic prophylaxis is more effective in preventing deep infection in this patient population with increased susceptibility to bacteremia [15] .
The results of this systematic review indicate current infection rates are high in lower-extremity tumor surgery and common practice varies with respect to antibiotic prophylaxis. Moreover, the results of this review suggest that long-term antibiotic prophylaxis is more effective at minimizing infection risk in patients with lower extremity long-bone tumors that require surgery and endoprosthetic reconstruction. However, these comparative data should be interpreted with caution given the retrospective nature of the included studies. Randomized controlled trials, such as the PARITY Trial [15] , will provide higher-level evidence to answer the important clinical questions asked in this study. 
